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Three-dimensional Dirac and Weyl semimetals have attracted widespread interest in condensed
matter physics and material science. Here, based on first-principles calculations and symmetry
analysis, we report that Ag2S with P212121 symmetry is a topological Dirac semimetal in the
absence of spin-orbit coupling (SOC). Every Dirac points are composed of two Weyl points with the
same chirality overlapping in the momentum space. After taking the SOC into consideration, each
Dirac point is split into two Weyl points. The Weyl points with the opposite chirality are far from
each other in the momentum space. Therefore, the Weyl pairs are not easy to annihilate and robust
in the Ag2S compound, which also lead to long Fermi-arcs on material surface. The robustness of
the Weyl points against the strain is discussed.
I. INTRODUCTION
Topological semimetals with nodal-point-type and
nodal-line-type band-crossing points have attracted
tremendous attention in condensed matter physics and
material science 1–22. According to the degree of de-
generacy at the band-crossing point, the nodal-points
can be further classified as Dirac point, Weyl point, and
the point beyond Dirac and Weyl types23–26. For ex-
ample, the Dirac points are four-fold degenerate band-
crossing points, which are protected by crystalline sym-
metries as discussed in references27–29. The Weyl points
do not need the protection of crystal symmetries ex-
cept the translation invariance, while the time-reversal
or spatial-inversion symmetry must be broken to guaran-
tee their two-fold degeneracy. These novel band-crossing
points in practical materials lead to many exotic trans-
port and optical properties 30–37. An important hallmark
of topological semimetals is their unusual surface states,
such as the Fermi-arc states for Weyl semimetals and the
drumhead-like states for nodal-line semimetals 2,3,13,14,38.
The topological nature of the Weyl points can be char-
acterized by their topological charge. According to the
no-go theorem, the Weyl points with opposite topological
charge always appear in pairs in order to make the to-
tal topological charge neutral in the whole Brillouin zone
(BZ)39. The Weyl points can only be removed if pairs of
opposite Weyl points meet and annihilate each other. A
large k-space separation of the Weyl nodes can guarantee
a robust Weyl semimetal state, which is a prerequisite for
observing the many exotic phenomena in spectroscopic
and transport experiments. Therefore, it is significant to
discover more stable, non-toxic and earth-abundant Weyl
semimetal40,41, whose Weyl nodes with opposite chiral-
ity are separated tremendously in momentum space and
locate near the chemical potential in energy.
In this work, we report the Dirac and Weyl states in
Ag2S compound. By means of first-principles calcula-
tions and symmetry analysis, we reveal that the SOC
splits each Dirac point into two Weyl points with the
same topological charge in Ag2S. The formation of the
Weyl points in Ag2S is different from the Weyl points
originated from the nodal-line structure. For example,
in the TaAs family of materials8,9, the bands inversion
leads to 12 nodal-lines in the BZ without SOC. After
including the SOC effect, each nodal-line is broken but
leaves a pair of discrete Weyl points. The pair of Weyl
points originated from the nodal-line have opposite chi-
rality, and the distance between them is dependent on
the strength of the SOC. In the TaAs compound, the dis-
tance between each positive-negative charged Weyl pairs
is short. Therefore, the Weyl points are easy to be anni-
hilate by perturbations and the Fermi-arcs link the Weyl
points with opposite charge are short. The Weyl points
in Ag2S are originated from the Dirac points. Without
SOC, bands inversion happens in Ag2S and leads to four
Dirac points near the Fermi energy. The Dirac points
with opposite charge, ±2 as calculated in the later sec-
tion, are separated in a long distance in the momentum
space. Including the SOC, each ±2 charged Dirac point
is split into two ±1 Weyl points. While the strength of
SOC in Ag2S can not make the long separated and oppo-
site charged Weyl points annihilate each other. Therefore
the Weyl points are robust and have long Fermi-arc states
linked with them on the Ag2S surface.
II. CRYSTAL STRUCTURE AND
CALCULATION METHOD
The Ag2S compound with the nonsymmorphic space
group P212121 (No. 19) is investigated in this work. The
crystal structure is composed of chains of trigonal prisms
formed by Ag atoms connected by common edges, each
of these prisms being centered by a S atom as shown in
Fig. 1(a). The lattice parameters and the atomic posi-
tions of Ag2S was experimentally determined
42 and listed
in table I. The symmetry operations of Ag2S crystal in-
clude three screw rotations around the principal axes:
C2z : (x, y, z) → (x + 12 ,−y + 12 ,−z), C2y : (x, y, z) →
(−x, y+ 12 ,−z) and C2x : (x, y, z)→ (−x+ 12 ,−y, z+ 12 ).
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2Table I. Lattice parameters and atom positions of Ag2S
a (A˚) b (A˚) c (A˚) α β γ
6.72500 4.14790 7.29450 90 90 90
Site Wyckoff symbol x y z
1 Ag1 4a 0.02850 0.23030 0.40790
2 Ag2 4a 0.12740 0.40740 0.82100
3 S 4a 0.22100 0.15700 0.14500
Figure 1. (a) The crystal structure of P212121 phase Ag2S.
(b) The bulk BZ and its projection onto the (001) direction.
The red (blue) color points indicate the positive (negative)
charged Weyl points located on the kx = 0 (kz = 0) plane as
discussed in section IV.
The first-principles calculations are performed by us-
ing the Vienna ab initio simulation package (VASP) 43,44
based on the generalized gradient approximation (GGA)
in the Perdew-Burke-Ernzerhof (PBE) functional and the
projector augmented-wave (PAW) pseudo-potential 45,46.
The energy cutoff is set to 400 eV for the plane-wave ba-
sis and BZ integration was performed on a regular mesh
with 9×11×7 k points 47. The band structure here is also
checked by nonlocal Heyd-Scuseria-Ernzerhof (HSE06)
hybrid functional calculations 48. The surface states are
studied by constructing the maximally localized Wannier
functions 49–51 and using the WannierTools package52.
III. BAND STRUCTURE WITHOUT SOC
The electron configurations for Ag and S atoms are
[Kr]4d105s1 and [Ne]3s23p4, respectively. In the Ag2S
compound, the Ag atoms have a tendency to lose 5s
electrons, while S atoms have a tendency to gain elec-
trons from Ag atoms to form full outer shell. One may
expect an insulating phase for this compounds. How-
ever, the first-principle calculations indicate that Ag2S
is semimetal as shown in Fig. 2(a). Near the Fermi en-
ergy, the valence bands are mostly form S-3p and Ag-4d
orbitals, while the conduction band with very strong dis-
persion is mostly form Ag-5s states. At the Γ point, the
energy of Ag-5s band is lower than the S-3p and Ag-4d
bands about 1.1 eV, which forms an energy inverted band
structure. The band-crossing points in the Γ-X and Γ-Y
directions are clearly shown in Fig. 2(a). These band-
Table II. Character table and basis functions for point group
D2.
D2 E C2z C2y C2x linear functions
Γ1 +1 +1 +1 +1 -
Γ2 +1 -1 +1 -1 y
Γ3 +1 +1 -1 -1 z
Γ4 +1 -1 -1 +1 x
crossing points are protected by crystalline symmetries,
which are revealed by the k · p effective model Eq. (1)
near the Γ point. To construct the k · p model Hamilto-
nian, we find the symmetries at the Γ point include the
time reversal symmetry Tˆ and the D2 point group. The
character table for D2 is shown in table II. The basis
wave-functions for the k · p Hamiltonian are chosen as
the three valence states near the Fermi energy and the
energy inverted Ag-s states as indicate in Fig. 2(a). The
irreducible representation for these four states are Γ1, Γ2,
Γ1, and Γ3 in order of energy form low to high, which in-
dicates these four wave-functions behave as s∗, py, s and
pz orbitals under the operations of the D2 group symme-
try, respectively. Here, the s∗ orbital is a short notation
for Ag-s orbital.
The Hamiltonian, projected onto these four bases, that
is invariant under all symmetry operations at Γ point, has
the following form
Figure 2. (a) The band structure of P212121 Ag2S without
SOC. (b) The surface states on the (001) surface. (c) The
Fermi arcs connection the −2 Dirac points (blue points) and
the +2 Dirac points (red points) on the (001) surface at the
Fermi energy.
3H(k) =

1 ia12ky + b12kxkz a13 a14kz + ib14kxky + c14k
2
xkz
2 ia23ky a24kx + ib24kykz
3 a34kz + ib34kxky
† 4
 (1)
up to the third order of k. It is easy to check that the
s∗ band and pz band are decoupled on the kx and ky
axis, and form band crossing points in these two axises
near the Fermi energy. While they are coupled by h14 =
a14kz term, hence there is no band-crossing points along
kz axis. The derivation of the k · p Hamiltonian, the
parameters, and the dispersions form the k · p model
compared with the first-principles results are given in the
supplementary material.
In the process of constructing the model Hamiltonian
Eq. (1), we do not take the SOC into consideration. The
spin up and spin down channels are decoupled. We can
deal with each channels separately. Here, we first con-
sider the spin up channel. The band-crossing points be-
tween s∗ and pz states are all twofold degenerate Weyl
points. The Weyl points on the +kx axis can be ro-
tated to the −kx direction by C2z operation. The C2z
rotation does not change the topological charge of the
Weyl points, therefore the two Weyl points in ±kx axis
have the same topological charge. With the same argu-
ment, the two Weyl points on ±ky axis also have the
same topological charge. Because the total topological
charge of the Weyl points in the BZ must be zero, the
topological charge of the Weyl points on ±kx axis must
be opposite to that on the ±ky axis. To determine the
particular value of the topological charge, we can check
the Berry curvature near these Weyl points. The result
is that the topological charge for the Weyl points on ±kx
(±ky) axis is negative (positive) as shown in Fig. 2(c).
For the spin down channel, there are four Weyl nodes
located at the same positions in the BZ and with the
same chirality as the spin up channel Weyl nodes due to
the time-reversal symmetry. One of the key character of
the Weyl semimetal is the existence of Fermi-arcs on the
surface of the material. To calculate the surface states,
we generate the Wannier-type tight-binding Hamiltonian
for Ag2S. The calculated (001) surface states are shown
in Fig. 2(b,c). It clearly shows that the Fermi-arcs start
from the projected points of the positive Weyl nodes and
end up at the negative nodes.
IV. BAND STRUCTURE WITH SOC
In this section, we consider the SOC effect on the
band-crossing points discussed in the previous section.
Recall the conclusions we get in the previous section
that the Weyl points overlapped on the ±kx axis have
opposite chirality to the Weyl points on the ±ky axis.
The strength of the SOC can not make the long sep-
arated opposite charged Weyl points annihilate with
another. Therefore the Dirac points are not gaped
by SOC in Ag2S but be split into two Weyl points
and shifted away from the ±kx and ±ky axis. The
possible positions of the split Weyl points can be de-
termined by symmetry considerations in the following
way. We denote the position of one of the Weyl points
around the +kx axis as w1 = (kx, ky, kz). The posi-
tion of the other one Weyl point can be obtained by
C2x rotation, which reads w2 = (kx,−ky,−kz). The
remain symmetry operators, Cˆ2z, Cˆ2y, and Tˆ trans-
form the above two Weyl points to the −kx direc-
tion: w1
Cˆ2z→ (−kx,−ky,+kz), w2 Cˆ2z→ (−kx,+ky,−kz),
w1
Cˆ2y→ (−kx,+ky,−kz), w2 Cˆ2y→ (−kx,−ky,+kz), w1 Tˆ→
(−kx,−ky,−kz), w2 Tˆ→ (−kx,+ky,+kz). Because there
are only two Weyl points around the −kx axis, which
leads to kz = 0 or ky = 0. Therefore, the Weyl points
around ±kx must located on the kz = 0 or ky = 0 plane.
Figure 3. (a) The band structure of Ag2S with SOC. Gap
opens around the Dirac points as shown in the inset. (b) The
surface state on the (001) surface. (c) The Fermi-arcs on the
(001) surface with energy located at Fermi-level. Each −2
charged Dirac point is split into two −1 Weyl points on the
kz = 0 plane (blue color points), while each +2 charged Dirac
point is split into two +1 Weyl points on the kx = 0 plane
(red color points).
4With the similar argument, we find that the Weyl points
around the ±ky axis are shifted to the kz = 0 or kx = 0
plane.
To check the above results, we perform first-principles
calculations with SOC. The band-crossing points on the
±kx,y axises are shifted away as shown in Fig. 3(a). Care-
fully searching the band-crossing points in the whole
BZ, we get eight Weyl points as schematic shown in
Fig. 1(b). Four Weyl points with positive chirality lo-
cated on the kx = 0 plane and four with negative chiral-
ity located on the kz = 0 plane. Based on the Wannier-
type tight-binding Hamiltonian, we compute the (001)
surface states as shown in Fig. 3(b,c). The projections
of the four negative Weyl nodes on kz = 0 plane are in-
dicated as blue points. The positive Weyl points on the
kx = 0 plane overlap on the (001) surface BZ, therefore
there are two red points as shown in Fig. 3(c). Two Fermi
arcs start from the positive Weyl points and end into the
negative Weyl points.
V. DISCUSSIONS AND CONCLUSIONS
In this section we discuss the stability of the Weyl
points against strain in Ag2S. We perform calculations
for adding compressive strain on a, b and c directions,
respectively. The results for 3% and 6% compression of
each axises while retain the lattice volume are shown in
Fig. 4. For the strain adding along a (b) axis, the band-
crossing points remain for the lattice parameter a0 (b0) is
compressed by 6%, but the distance between the band-
crossing point on kx and ky direction decrease as the
compressive strain increase. These results indicate that
the stability of the Weyl points is weakened by compres-
sive strain along a and b axises. For the strain effect
adding along c axis, this distance increases as increasing
the compressive strain. Therefore, the stability of the
Weyl points is strengthened with the compressive strain
along the c axis.
In summary, based on first-principles calculations and
symmetry analysis, we predict Ag2S can be tuned from
Dirac semimetal to Weyl semimetal by tuning SOC. The
Dirac points with ±2 topological charge are protected by
the crystalline symmetries and located on the kx and ky
axises, respectively. The SOC split each Dirac point into
a pair of Weyl points with the same chirality, while the
strength of the SOC can not make the opposite charged
Weyl points with large distance in the momentum space
meet and annihilate each other. Therefore, the Weyl
points are stable in Ag2S and lead to long Fermi-arcs
on the material surface.
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SUPPLEMENTARY MATERIAL
The effective model without SOC. We first de-
rive the k · p model Hamiltonian without SOC near the
Γ point. According to the first-principles’ results, we
can chose the three states most near the Fermi energy
and one state with inverted energy at the Γ point as ba-
sis functions for the k · p Hamiltonian. The irreducible
representations for these states are Γ1, Γ2, Γ1, and Γ3,
respectively, in an ascending order of energy. These
four bands have the symmetries the same as s, py, s,
and pz orbitals. For convenience, we denote them as
Ψ = (ψ1, ψ2, ψ3, ψ4)
T hereafter.
As stated in the main text, the effective model near
the Γ point is dictated by time-reversal symmetry Tˆ and
little group D2. The model is constructed near the Γ
point, hence there is no extra phase form the fractional
translation for the nonsymmorphic operations. The D2
point group is generated by two two-fold rotations C2z
5and C2y, which transform our bases as followed:
C2y(ψ1, ψ2, ψ3, ψ4)
T = (ψ1, ψ2, ψ3,−ψ4)T ,
C2z(ψ1, ψ2, ψ3, ψ4)
T = (ψ1,−ψ2, ψ3, ψ4)T .
(2)
Therefore, these symmetry operators can be represented
as:
C2y = diag(1, 1, 1,−1),
C2z = diag(1,−1, 1, 1),
T = C2yK = diag(1, 1, 1,−1)K.
(3)
These symmetries give the following constrains to Hamil-
tonian H(k):
C2yH(kx, ky, kz)C
−1
2y = H(−kx, ky,−kz),
C2zH(kx, ky, kz)C
−1
2z = H(−kx,−ky, kz),
TH(kx, ky, kz)T
−1 = H(−kx,−ky,−kz).
(4)
Keeping up to the third order of k, we find the following
Hamiltonian
H(k) =

1 ia12ky + b12kxkz a13 a14kz + ib14kxky + c14k
2
xkz
2 ia23ky a24kx + ib24kykz
3 a34kz + ib34kxky
† 4
 (5)
satisfies the constraints in Eq. (4), where
i = εi0 + εijk
2
j (i = 1, 2, 3, 4, j = x, y, z) (6)
Table S1. Parameters for the Hamiltonian Eq. (5)
ε10 ε1x ε1y ε1z ε20 ε2x ε2y ε2z
-0.976 49.26 10.20 3.31 -0.418 -8.70 11.21 -1.03
ε30 ε3x ε3y ε3z ε40 ε4x ε4y ε4z
-0.054 -28.70 -4.91 -2.20 0.106 -8.46 -3.13 1.82
a12 a13 a14 a23 a24 a34
-0.34 0.15 0.18 0.25 0.49 0.20
b12 b14 b23 b24 b34 c14
11 4 3 5 6 55
and the aij , bij , cij terms denote the first-, second-,
third-order couplings between these four orbitals, respec-
tively. The parameters in Eq. (5) are listed in table S1.
The band dispersions form the k ·p model are compared
with the first-principles’ results as shown in Fig. S1.
Figure S1. The energy dispersion obtained from k · p model
Hamiltonian (red dashed line) is compared with that from the
first-principles calculations (blue solid line).
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